Abstract-This paper presents a model for the link service capacity that an imperfect adaptive radio link provides to upper layers. As the main contribution of this paper, the model includes a number of imperfections in the link adaptation chain, as well as implementation implications. The average goodput is expressed also in compact form and its dependence on the impairments is discussed using analytical, numerical, and simulations results. The model, to be used for analyses at upper layers, integrates physical channel, transceiver characteristics, and imperfections in a flexible way, by independent, separate matrices.
I. INTRODUCTION
Wireless systems are subject to varying channel conditions, due to propagation properties of the environment and possibly mobility of terminals. Transceivers structures themselves dynamically change by using physical layer techniques, referred to as PHY, introduced to compensate for those impairments.
The model discussed in this paper includes physical channel and the PHY The same portion of the protocol stack is covered in a link layer model, called effective capacity link model [1] , which models directly few link layer parameters used in queuing analysis, without including imperfections of the physical layer or adaptation in link layer. A similar definition of MAC channel is given in [2] , where a model for packet losses is included, taking into account physical channel, modulation and channel coding, and some other functions of the data link layer, but only for transceivers with fixed structure. Performance of adaptive radio links has been studied in presence of AWGN channel [3] , or fading channels but without channel coding [4] , or for coded systems with specific channel coding schemes and decoding methods [5] [6].
The final expression for the average throughput is given in (11) . In this expression, physical channel and transceiver characteristics, as well as imperfections, are included. This model is then used in illustrative examples. Rather than being a performance analysis of a specific system, the purpose is to show how imperfections impact on system performance and the importance to include those into the model.
II. THE MAC CHANNEL MODEL
The service capacity depends on the gross transmission bit rate and the errors at the receiver. In fixed-PHY systems, the error rate absorbs the variability of the channel. Conversely, with link adaptation, the PHY mode from the set M is chosen eO. Channel conditions may be represented, e.g., by the signal to interference-plus-noise ratio (SINR), but in the following, we will denote with -y a generic metric of the link quality. In the model considered in this paper, the true quality level is modeled as a continuous time Markov chain (CTMC), instead of discrete time model sometimes used for symbol or packet error models [7] [8] . In our model, state transitions are associated with boundary crossings of the metric.
The goal of this study is to represent the behavior of the signal quality level in terms of presence in a region, and to link it to the service offered by the PHY, with a granularity given by the cardinality of the modes set, Ml = IM4, which is typically small in real systems. For example, the number of PHY modes is seven or eight in HSDPA, IEEE 802.1 la, and ETSI HiperLAN/2, and up to five in IEEE 802.16a. When Ml is small, the model exhibits lower frequencies due to practical constraints (Sect. III). The framework presented in this paper is intended to be applicable to generic channel processes that are continuous, and that can be represented by a small number of states. If a stochastic process that assumes values on a continuous set r1 C R split in a finite number of contiguous, non-overlapping intervals, is continuous, then the derived CTMC is a birth-death process [ If switching hysteresis is adopted, definition of LCRs must be properly modified using the modified levels (Sect.III) [9] . Quantities in (1) and (2) can also be evaluated from observation of measurement traces or from simulations of complicated systems.
III. MODEL OF GOODPUT
The error rate is a fundamental performance measure for quality of service (QoS) . According to QoS requirements (target error rates), the domain of the signal quality metric is divided into Ml contiguous, non overlapping intervals. Each region is associated with a state of the CTMC, and each of the Ml PHY modes is associated with a region of the quality metric. Each state is therefore characterized by its bit rate and error rate: Si = Ili X= ri, ei. The set of the threshold levels, i.e., the mode switching points, is defined so that:
where -yo = -oQ and -yv = +oc. The nominal value of the metric in each region can be defined as the average value or the center value in the range. Switching points can be defined also using other methods, including optimization methods [10] . The model described in this paper is independent of the method used to define the set S.
To avoid too frequent mode switching, switching hysteresis can be introduced by fixing distinct values for falling, 'y-, and rising, y, thresholds: At link layer, a packet is considered valid if no error is present or all errors have been corrected. The entity of the packet error rate (PER) depends on the error correction coding gain (Sect.V). Distinct channel coding schemes may be adopted for header and payload [9] . We assume in the following that the same channel coding scheme is applied to both parts.
Because of channel coding redundancy and packet header, the informative bit rate is smaller than the raw bit rate. The informative bit rate for a given PHY mode (still including residual errors) can be written as r-= -'hn7c,iki/Ts, where n7h = Li/Ld is the header efficiency, q,R = Ld/(Ld + Lo) is the channel coding efficiency (code rate) including redundancy L0, Ld = Li + Lh is the total size of payload plus header, ki is the number of bits per symbol of the i-th mode modulation scheme, and T, is the symbol duration.
The link service capacity, denoted with R,(t; (), is the rate at which error free information units are transmitted through the channel, and is referred to as goodput. We start from a similar expression for the link service rate as given in [11] for ideal systems with fixed PHY. We extend it first to time varying and adaptive systems, (5 The model of imperfections is depicted in Fig. 2 . At estimation time t, the true channel quality metric falls in the k-th region, say S(t) = k, and the metric is estimated.
Based on this estimate S(t) = h, the mode is selected. The mode is transmitted in the feedback channel subject to errors, and M2 is acquired at the transmitter (or at the receiver, in the open loop case). This mode is used for transmission (closed loop) (or reception, open loop). In the mean time, the effective channel quality metric falls in general in a new region, S(t + re) =j, due to possible channel state transitions during the estimation delay Te. The final effect of the entire process is that in general mode Mi is used at transmission time, when the channel is in effective state Sj. The probability of this event can be written as P(AMi, AIlh, Sk, Sj). Assuming the estimation process and the channel process independent, and assuming that the feedback channel is independent of the direct channel, we can write P(Mlh, Sk, Mi, Sj) = = P(Sk)P(Mllh fSk )P(Mlli Alh )P(Sj |Sk)
The independence of direct and feedback channel relates to duplexing scheme, MAC frame structure, terminal speed, etc. The independence of estimation and channel process related mainly to the estimation algorithm.
The three last terms in (6) are treated separately in the sequel.
The metric estimate may be erroneous. The mode estimation probability matrix H(e) -{h(e)} E RmMx m models the effects of the imperfections in the estimation process due to noise.
Its generic element h(e) represents the probability of selecting mode Mh with the true channel in state Sk at estimation time:
H(e) {h(e) -Pr{Mh SSk }}I (7) Equation (7) represents the second term in (6).
The (8) Equation (8) represents the last term in (6).
The code representing the PHY mode or, equivalently, the related signal quality region, may get corrupted during its transmission through the feedback channel. The mode acquisition probability matrix H(f) -fh(f)} e E mxm models the probability of mode error due to errors in the feedback channel and has generic element given by:
(9) Equation (9) represents the third term in (6).
Combining (5) and (6), and remembering the model in Fig.  2 , we get the expression of the average goodput, i.e., the link service rate in presence of imperfections:
It is easy to see that the average goodput in (10) can be written in compact form as
where r {h(f)r} = r o diagH(f) and E9 = {fnj} E RAIxM is the mode-channel probability matrix, e -H(e)IIH(d), whose generic element models the probability of using mode Mn with the channel in the effective state Sj.
The scalar normalized average goodput corresponds to the average goodput of a system adopting an hypothetical set of PHY modes all having unitary transmission rate:
The use of this quantity will be clear in the analysis.
In the ideal case of perfect link adaptation, H(e) = H(d) -H= -I, and (11) reduces to (5 The average goodput is expressed in a compact form including the impact of some imperfections in the adaptation chain (estimate error, feedback errors, and estimation delay) and implementation losses (introduction of hysteresis in the switching thresholds).
The characteristics of the system are independently represented by separate matrices, for the channel (Q and ir), transmit rate (r) and error rates (Y) for the given transceiver modes. Matrices for the probabilities of erroneous set-up due to estimation errors (H(e)), estimation delay (H(d)), and feedback errors (H(f)) are also included. Due to the modular structure of the model, the analysis can be extended to more general and possibly complicated systems than the one used in the example.
The presented model can be effectively integrated in some analytical models for the analysis of the higher network layers. 
